Objective: To identify natural bioactive molecules with potential to inhibit DNA methyltransferase 1 (DNMT1) and cause reactivation of genes silenced due to promoter hypermethylation. Methods and Results: -(-) Menthol and epigallocatechin-3-gallate (EGCG) (reference molecule) were investigated using an in vitro methylation assay, which indicated potential of -(-) menthol as an epigenetic modulator with the ability to directly inhibit M.SssI (an analogue of DNMT1) activity at 100µM. Methylation specific PCR and bisulphite sequencing revealed complete hypomethylation of 15 CpG sites in the Fanconi anemia, complementation group F (FANCF) gene between +280 and + 432 nucleotides relative to the transcription start site, which resulted in significant (P<0.001) up-regulation of FANCF gene expression by 2.1 and 2.5 fold respectively after treatment with menthol (80µM) and EGCG (80µM) for 4 days in the SiHa cell line as analyzed by qRT PCR. Conclusion: The present work highlighted the potential of -(-) menthol, a naturally occurring cyclic monoterpene, as an epigenetic modulator causing promoter hypomethylation induced reactivation of the FANCF gene mediated by possible inhibition of DNMT1 activity in the SiHa cell line.
Introduction
Epigenetic modifications have been implicated in induction and progression of cancer (Teng et al., 2006) . DNA methylation being the most studied and understood phenomenon among epigenetic modifications is a significant therapeutic target due to its reversible format (Robert et al. 2003; Siedlecki et al., 2006) . In cancer, there occurs global DNA hypomethylation and regional promoter hypermethylation in tumor suppressor genes (Soengas et al., 2001) . Promoter hypermethylation associated loss of gene expression has been reported in cervical carcinoma (Wentzensen et al., 2009) . Fanconi anemia (FA) is an autosomal recessive chromosomal instability syndrome characterized by hypersensitivity to DNA cross-linking agents and predisposes to cancer (Siddique et al., 2001) . Altogether eight FA proteins are required for the formation of FA core complex with FANCF functioning as a linker within this core complex required for monoubiquitylation of FANCD2 and FANCI, the downstream effectors in the maintenance of genome integrity (Tumini et al., 2011) . Ganzinelli et al (2011) have associated low expression of FANCF in III stage patients of ovarian carcinomas with promoter hypermethylation. Development of ovarian 1 * tumors in mice has also been associated with loss of FANCF gene function (Bakker et al., 2012) . FANCF promoter hypermethylation is frequently reported in cervical cancer, squamous cell carcinomas of lung and oral cavity (Narayan et al., 2003; Marsit et al., 2004; Narayan et al., 2004) and has been linked to cisplatin resistance in ovarian cancer due to disruption of FA BRCA pathway (Taniguchi et al., 2003) .
-(-)Menthol is a naturally occurring cyclic monoterpene (Faridi et al., 2011) which can inhibit the growth of human cancer cells, including neuroendocrine tumor cells (Mergler et al.,2007) , human melanoma cells (Yamamura et al., 2008) , human promyelocytic leukemia HL-60 cells (Lu et al., 2006) , human colon cancer cells (Bernhardt et al.,2008) , human liver tumor cells (MacDougall et al., 2003) , and also acts on human glioblastoma cells (Wondergem et al., 2008) . Role of menthol in regulating DNA methylation is still unexplored despite multiple activities shown by this compound. EGCG has been shown to cause promoter hypomethylation of p16, RARß2, MGMT, hMLH1, GSTP1 and RECK genes across different cancer types and has been reviewed extensively (Singh et al., 2013) . The present study determines the potential of menthol to cause reversal of hypermethylated FANCF gene promoter, its effect on FANCF re expression in SiHa cell line and the possible mechanism involved. EGCG was used as a reference molecule for comparative analysis due to its well established potential as a DNMT1 inhibitor and epigenetic modulator. 5-aza-2'-deoxycytidine was used as a positive control.
Materials and Methods
Compounds 5-aza-2'-deoxycytidine (HPLC >97%) and epigallocatechin-3-gallate (EGCG) (HPLC >97%) were obtained from Sigma Aldrich, USA. -(-) menthol (GLC >99.7%) was procured from MP Bio, USA.
M.SssI activity inhibition assay
Menthol and EGCG (used as a reference molecule) were investigated for their potential to inhibit M.SssI (an analogue of DNMT1) activity at 50 and 100 µM, as described previously .
Cell lines and treatment
HeLa, SiHa and Caski cell lines were procured and maintained as reported previously . 1x10
6 SiHa cells were treated with 5-aza-2'-deoxycytidine (20µM) (positive control), EGCG (reference molecule) (80µM) and menthol (80µM) for 4 days. Medium and respective compound were replaced after every 48 h. Untreated cells were taken as control.
Cytotoxicity analysis using MTT assay
Cytotoxic concentrations (IC 50 ) of EGCG and menthol were evaluated in SiHa cervical cancer cell line (Parashar and Capalash, 2016) .
DNA methylation analysis
DNA methylation analysis of FANCF gene was carried out as described in . Briefly, DNA was isolated from untreated, 5-aza-2'-deoxycytidine (20µM), EGCG (80µM) and menthol (80µM) treated SiHa cells and subjected to bisulphite modification and methylation specific PCR (MSP). MSP was also carried out to determine FANCF promoter methylation status in untreated HeLa and Caski cells. Methylation profile of CpG sites was determined and analyzed using bisulphite sequencing and BiQ analyzer software respectively (Bock et al., 2005) .
Expression analysis
Expression analysis of FANCF and DNMT1 gene was performed using qRT PCR as described previously (Parashar and Capalash, 2016) with forward and reverse gene specific primers for FANCF, β actin and DNMT1 (Forward-5'-ACCGCTTCTACTTCCTCGAGGCCTA-3'; Reverse-5'-GTTGCAGTCCTCTGTGAACACTGTGG-3') .
Statistical Analysis
Data were assessed by Student's t test. Each value represents the mean ± SE of three experiments. The results were considered as statistically significant at P<0.05.
Results

Interaction between compounds and M.SssI
Epigallocatechin-3-gallate (EGCG) and menthol were evaluated for their potential to inhibit M.SssI activity (DNMT1 analogue). Active BstU1 (methylation sensitive) leads to restriction digestion of 360 bp template into 319 bp band suggesting M.SssI inhibition. EGCG ( Fig  1A) was found to inhibit M.SssI activity at 50 and 100 µM concentration while menthol (Fig 1B) , was active at 100µM. Inhibition of M.SssI activity was reflected with the presence of 319 bp band (-M.SssI, positive control) after digestion with methylation sensitive Bst U1 (CG/ CG) and 360 bp band showed no effect on M.SssI (+M. SssI, negative control) ( Figure 1C ).
Cytotoxicity Assay
IC 50 value was found to be 140 and 176 µM for EGCG and menthol respectively (Figure 2 ). SiHa cell line was treated with EGCG and menthol at 80µM respectively, below their IC 50 values.
Reversal of DNA hypermethylation Methylation Specific PCR
FANCF promoter is methylated in SiHa cell line only Figure 3A . Hence, SiHa cell line was used to study the effect of EGCG and menthol to cause promoter hypomethylation. Methylation specific PCR showed complete reversal of promoter hypermethylation in case of EGCG treated sample with disappearance of methylation specific band whereas treatment with menthol resulted in increase of unmethylated template as evident with the increased intensity of unmethylated band Figure  3B .
Bisulphite Sequencing
Reversal of promoter hypermethylation of FANCF gene after treatment with EGCG and menthol was comparatively evaluated with untreated cells using bisulphite sequencing. 15 CpG sites were screened between +280 to +432 region spanned by the amplicon obtained after MSP. The obtained sequences were analyzed using BiQ Analyzer (Bock et al., 2005) . Untreated cells had a methylated signature with all the 15 CpG sites methylated whereas treatment with EGCG and menthol led to hypomethylation of all 15 CpG sites which explained the complete loss of methylation band after treatment with EGCG and increased intensity of unmethylated band after treatment with menthol, together confirmed reversal of CpG methylation by EGCG and menthol (Figure 3) . 
Quantification of FANCF and DNMT1 expression
The transcription of FANCF gene was found to be significantly upregulated by 9 folds in 5-aza-2'-deoxycytidine (P<0.05), 2.1 folds in menthol (P<0.001) and 2.5 folds in EGCG (P<0.001) treated samples by qRT PCR ( Figure 5A ). 5-aza-2'-deoxycytidine, EGCG and menthol did not have any significant effect on the expression of DNMT1 in treated SiHa cells as shown by qRT PCR ( Figure 5B ).
Discussion
Dependence of cancer cells on normal DNMT1 activity so as to maintain their abnormal methylation profile makes it an attractive therapeutic target, due to reversible format of epigenetic processes. The limitations and 'endangered universal status' of 5-aza-2'-deoxycytidine has changed the direction towards the search of potent, non-toxic and mechanism independent natural compounds having the feasibility to inhibit DNMT1. Promoters of the eight genes (FANCA, B, C, E, F, G, L and M) that form the Fanconi anemia core complex have been characterized and the region around transcription start site was found to be regulating its expression (Meier et al., 2011) . However, CpG methylation on promoter region located upstream transcription start site may not exclusively regulate the gene expression ; but previous reports have shown that +280 to +432 region is involved in promoter methylation dependent regulation of FANCF (Narayan et al., 2003; Narayan et al., 2004) . Hence, this region of FANCF promoter was selected to study the reversal of promoter hypermethylation.
Promoter hypermethylation and down regulation of FANCF expression was observed only in SiHa cells and not in HeLa and Caski cells. Treatment of the SiHa cell line with 5'-aza-2'-deoxycytidine, a known hypomethylating agent (Brueckner et al., 2005) showed reversal of hypermethylation indicated by the amplification of unmethylation specific band, further supported its promoter hypermethylation. Hence reversal of promoter hypermethylation and reactivation of FANCF with natural compounds was studied in SiHa cells only. Previous studies have also reported methylation of FANCF promoter in SiHa cells and not in HeLa cell line (Narayan et al., 2003; Li and Zhang, 2013) .
EGCG and menthol reverted promoter hypermethylation of FANCF and induced its expression in SiHa cell line. Menthol and EGCG were found to hypomethylate all the 15 CpG sites under consideration. Maintenance of methyl group on cytosine in hemi-methylated DNA is primarily done by DNA methyltransferase 1(DNMT1). Loss of methylation from cytosine in CpG site can be related to loss of DNMT1 activity after treatment with natural compounds.
The potential of EGCG and menthol to inhibit DNMT1 directly by binding to its catalytic domain was assessed by M.SssI based in vitro assay. M.SssI is a universal CpG methyltransferase which methylates the cytosine residue within a CpG dinucleotide and does not require hemimethylated DNA template after replication for CpG methylation (Brueckner et al., 2005) .The catalytic domain of DNA methyltransferases is evolutionary conserved across prokaryotes and eukaryotes (Santi et al., 1983) .
EGCG showed inhibition of M.SssI indicating its potential activity against DNMT1. EGCG has also been shown to interact with DNMT1 at Cys1226 residue through in silico approach (Yoo et al., 2011) . Anti-DNMT1 activity of EGCG (50 µM) has also been reported using nuclear extract from KYSE 510 cells based on DNA methyltransferase assay (Fang et al., 2003) . No change in DNMT1 expression was observed after treatment with EGCG at 80 µM in SiHa cells. A similar observation has been reported with EGCG (5-50 µM) in KYSE 510 esophageal cells (Fang et al., 2003) . However, downregulation of DNMT1 expression by higher concentration (152µM) of EGCG has been shown in Jurkat cell line (Achour et al., 2013) .
Menthol leads to apoptosis in cancer cells mediated by Ca2+ influx (Mergler et al., 2007) but its role in hypomethylation is not known. In the present study it was observed that menthol did not affect DNMT1 expression but caused M.SssI inhibition at 100µM suggesting its potential to inhibit DNMT1 activity which may explain the loss of promoter hypermethylation and increased expression of FANCF in SiHa cells treated with menthol. Menthol being a stable compound with high solubility and bioavailability (Yong et al., 2004) can be a promising compound for future studies.
The present work highlights the potential of menthol in causing promoter hypomethylation induced reactivation of FANCF gene mediated by possible inhibition of DNMT1 activity in SiHa cell line.
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